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FORWARD 

This report summariseB the status and progress of the re-entry- 

physics research activities at General I)ynainics/Conyair under Contract 

M~0l'021-mCi-12050iz) duriag the period 1 July 1965 to 30 December 1965. 

Although the major portion of this work was supported by ARFA 

funding through the U.  S. Army Mi seile Command, part of the work re- 

lated to the construction of a gas handling system for preparing gas 

mixtures containing ozone was supported by General Dynamics/conva±r 

research funding. 
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.ABSTRACT 

A summary ic given ia this report of the re-entry physics research 

cunducted at General Dynamice/Couvair for the eix-month period ending 

30 December 1965«    Preparations for the study of the rate of the rediative 

recombination of atomic oxygen and carbon monoxide and of the emission 

Intensity spectral distribution accompanying the recombination to be 

Induced by shock heating gas mixtures containing CU, 0., CO, C0? and 

AT are discussed.    The   topics of discussion include the construction 

and operation of optical and gas handling systems, the synthesis, 

stability and decomposition rates of ozone in the gas handling system 

and preliminary experiments on the emission intensity of recoabination. 

From the latter experiments, conducted at temperatures and pressures near 

3000oK and 1 atm, a relative intensity spectral distribution curve was 

derived and found to be shifted to shorter wavelengths with respect to 

a similar curve derived from flame measurements at about 15000K and 

comparable pressures.    Also, measurements of the irduction perloa preceding 

formation of measurable quantities of CO- in shock heated gas mixtures 

containing CO, Op and Ar wers made at temperatures between 1^50° and 

2260 K and pressures as low as 0.01 atm in a 2k" internal dlainet''-r shock 

tube. 
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SHOCK TUBE STUDIES 

IHEROmCTION 

B. F. Myers 

The goal of the present studies on chemical kinetics and the related 

radiation phenomena is to contribute to the interpretation and quantative 

description of observations Bade during re-entry on the flow around and 

behind vehicles with ablating materials containing carbon. 

During the present reporting period, preparatory work for the measure- 

ment of the rate of the radiative recombinatirn of atomic oxygen and carbon 

monoxide and of the emission intensity spectral distribution accompanying 

the reccmblnetion was: completed.    The results of preliminary meaBurements 

on the emlssAon from the radiative recombination Induced by ehock heating 

mixtures containing CO, Op and Ar, Indicated that the Intensity levelu 

were adequate for recording the emission over the wavelength Interval 

2500A to 8000A and at pressures and temperatures of the order of 1 atm 

and 30000K.    In addition, measurements of the induction period nrecedldg 

fonnation of measurable amounts of CO« in shock heated gas mixtures con- 

taining CO, 0„ and Ar, were made at pressures as low as 0,01 atm and 

temperatures in the range 1^50   to 2960 K 1ü a 2h:- internal diameter 

shock tube. 

In the forthcoming repori, period, it is anticipated that aseasureiaents 

of the reaction rate and spectral distribution of emission characteristic 

of the 0 and CO reeombinatlon will be made by shock heating mixtures con- 

taining CO, 02, C , U02 and Ar of compositions for which an equilibrium 



State will be closely appruxlisated mithin about 20 u£ee  (laboratory 

tlae) aft.er passage of the  .hock front.    Thus a ^ ^uiUbrlum State 

will be rapidly established before the effects of .hock vave attanua.io. 

or boundary layer growth become important,    -rtveatlgatlon of the chemical 

kinetics governing carbon monoxide oxidation at lew pressures will also 

be continued. 



SHOCK '.nBB Bimt OF THE RADUtfjyE RECCMBII?ATION OF 0 AND CO 

B. F* Myers? E, P.. Bartle and P.  R. Erickaon 

BejsarcJ1- actl%rltleß dire., »d toward the guantatlve study of the 

radiative recombination of 0 am CO in a high Leraperature system at 

equilibrium behind incident  shock waves generated in a 3" Internal 

diameter stock tube facility are discussed in the following sections. 

Optical System 

The construction of the optical system for measurement of the 

absolute emission intensity accompanying the recombination of 0 and 

CO was completed.    A schematic diagram of the arrangement of the elements 

of the system is shown in Figure 1.    The entrance slit,  S, of the f/l2 

Hilger Medium Quartz Spectrograph can be imaged either on the inner 

surface of the shock tube window,  s', or on the surface of a tungsten 

ribbon filament lamp, t,  ((J.S. 30A/T2k/7) which was calibrated by the 

Bppley Laboratory, Inc. against National Bureau of Standard* reference 

standard lamps.    With the swivel-mounted,  spherical mirror, &,, in the 

airesting position e, B* is the image plane of the spectrograph entrance 

slit whereas with the mirror in the arresting position b, F is the image 

plane.    The optical paths corresponding to the two arresting positions 

of the mirror, M,, contain identical flat surface mirrors, M1 and Mp, 

and Identical quartz windows to provide the same tranamisslon and re- 

flection losses for the radiation from either th* lamp or the sboelc heated 

gases; furthermore, radiation from either rf the latter sources transmitted 

to the spectrograph flHs the same solid angle.    Hadiatlon accepted by the 

spectrograph is dispersed and passes through a slit system placed at the 



Iffags plane of the ept»ctrograph.    For initial measuremente of the emissioc 

intensity of the radiative recosabination cf 0 and .iO, the center wavelengths 

of the six blits were approximately 3000A, i+OOOA, k^QOk,  550ÜA, 65OCA and 

eoOOJi with bandpasses of 196A,,  195A, 186k, ZJJA, 82Ä and 39^,  i-espectively. 

The rm-relength calibration of the slits was made by exposing a photographic 

plate., placed behind the slit system, to a source with a continuous spectruu.; 

the distance,5 of the boundarleF and midpoints cf the exposed sections from 

a reference mark were then used to obtain the corresponding wavelengths 

within an error of less than 3A from a dispersion curve constructed with the 

aid of iron and copper spectra.    In addition, provision was made for 

inetalllng a set of six additloml slits centered at 25OOÄ, 3OOOÄ, 350OÄ, 

^OOOA, 6000k and 725OA eo that intensity measurements may be made at a 

total of eleven spectral intervals in two experiiaents each employing five 

different »pactral iotervals end. one comjaon spectral interval.    Flat surface 

mirrors were placed behind the slits in order to direct the incident 

radiation onto the photocathode surfaces of six photomultipilerc    The 

Carleon Direct Analyser attachment was modified to acconnaodate these 

photoarultipliers and the aaitter followers for each.    For detection of 

iacidßnt radiation in the spectral interval between 230uA and 5jooi^ fbur 

EGA type IP28, 9-stagB photomultipllere with S-5 spectral response, two 

of which have quartz windows, were employed and In the spectral interval 

oetween 55OOA «od QOQCk, two B£A typ* 7265, l4-stage pbotaaultipllers with 

S-20 spectral response wers employseU 

23» reepones of the detector system to radiation from the tungsten 

ribbon filament lamp was checked for linearity.    The results of this test 

are Bhwn in Figure 2 where the output elgnal of the detector system is 

plotted versus the radiance of the standard lamp.    The straight lines 



are drawn througti the data with unit slope and demoastratc-. for a rang? 

in the values of the output sigtial and lamp radiesce greater then two 

orders of magni^ude, that a linear relation oetween these quantities exists 

for each of the  six channele in which the Photomultiplier-detectors are 

positioned to receive radiation over spactral intervals ceitered approxima". ,ly 

at SOod, kOOOk, k^Ook, 550Ök, 65OOA and SCXXlA.    In addition, an initial 

intensity calibration in termc of the rad'.^nce of the standard lamp was 

made for each of the six channels using the chopper to obtain an .AC signal. 

Gas Bandliag i^-Btem 

The couetruction of the gae handling system for preparing test ^ae 

mixtures sontalnlng OZOIK was completed.    A diagram of the  system is shown 

in Figure 3.    The materials used for construction of that portion of the 

system in contact with ozone under n'-rraal operating conditions were limited 

to glass,  stainless steel (SCk or .l6), teflon and Bg^,- ^ mancmetric 

fluidi these materials do not readily react with ozons or promote its 

catalytic decomposition at aEbient temperatures.    Also, before ozone was 

handled in the system, all parts were thoroughly cleaned with trichloroethylene, 

methyl alcohol and distilled water In that aequems to rs=move the r?mainiag 

traces of machining oil and of other organic contaminants. 

She system includes a 15^ mixing tank for praparing mixtures containing 

Op, CO, CO- and Ar and ^ 10^ mixing tank for preparing mixtu; JS of 0 

with gas mixtures from the l^i . Jxiag tank.    la order to promote rapid 

preparation of homogeneous gas mixtures and to mindmize tie effects of 

possible slow reactions of ozone wi+h the other gas mixture constituents, 

opposing paddles which can be driven magnetically by an external motor are 

lüßorporated in both tanks.    The partial pressures of the gas mixture 



coniätituents are Measured during preparation of the mLctures with reseryoir- 

type, ILSC'.   manoaeters or a K^SOL buffered-Bg manometer which have precision 

bore, l/h" I<D.f glass coluams connected to stainless steel reservoirs. 

Between each reservoir and the remainder of the gas handling system is 

a "dry ice" trap into which is Inserted a continuous «spiral   composed 

of a layer of 0.003" thick stainless steel corrugated to a depth of 0.039" 

and a second layer of plane 0.003" thick stainless steel in order to 

provide an effective trap for sulfuric acid vapors. 

2 Ozone is synthesized in a static ozone generator   which is surrounded 

by Ll^wjld nitrogen during ozonization.    The starting material for the 

synthesis is electrolytic laboratory grade 0o (Liquid Carbonic) containing 

less than 10 ppm of impurities due to IL, BUO and IC^.    The rate of 

ozonization attained ander the present operating conditions is 1.54 ©as 

0-/atm-hr^  ,/here the pressure is in reference to the oxygen pressure in 

the oaonlzer.    With the static ozone generator, complßte conversion of 

the initial charge of cacygen to ozone can be obtained, if desired.    Bow- 

ever, under normal operating conditions, about 95?^ conversion of 0^ tc 0, 

is obtained and the excess Op IJ then pumped off.    Excess ozone is i.£.aan*d 

from the gas handling system by passage through a heat trap composed of a 

2"X28" tube filled with 0.005" spirally-wound copper held at 200% this 

trsetaent promotes the catalytic decomposition of ozone and thus retards 

the ascujHulation of ozone in the cold trap which Isolates the roughing 

pump from th» main system. 

The ultimate minimum presaure attained and the corresponding leak rate 

measured ,.n that part of the gas handling syetem consisting of the 15-t 

1. B. Alpert, ftsv. Sei. Inst. 2*, 100t (1953). 
2. B. P   Jfyers, I. R. Bartie and P. R. Erickson, unpubJ-lshed results. 



mixing tank and either the 5-SO.   or UgSO^ buffered-Hg mananeter vere 

1,5X10     nun Kg and at this pressure^ 2.CÄ10     mm %/mln, respectively,, 

as measured with an ionlzatlon gauge attached dliectly to the mixing 

tank; w^th only the 15i mlxlng tank being evacuated, the pressure attained 

was 3*10"' mm % with a corresponding leak rate of 2X10''> mm Bg/rnln at a   * 

pressure of 3*10     ram Hg.    With that part of the gas handling system 

consisting of the IOJJ and 15i mixing tanks plus the ^SOj,  and HoSO, 

buffered-Hg manometers, the minimum pressure attained was LJ^lO     mm Hg 

and the leak rate was determined to be 2.2X10     ma Hg/min at l.J^*3     »ra Hg« 

Under normal operating condltionö, tnese Jjeak rates rcöult in an increaje 

in the contaalnation level of test gas mixtures prepared in the Vji and 

lOi mixing tanks by less than 1 and 11 ppm, respectively.    In that part of 

the system consisting of tk3 osonizer and the "dry ice" trap which isolates 

the oxygen cylinier frcm the conizer, the minimum pressure attained upon 

evacuation was 3X10 ^ am Sg and a leaJ, rate of 1.3X10     mm Hg/min at 

3x10"-' mm Hg was subsequently K«..sured.    fhis leak rate results in an 

Increase of the contamination level of the oxygen charg«. to the ozonizer 

of less than 2 ppm urder the normal operating procedure. 

The Analysis and Stability of Ozone 

Three methods were employed for the qualitative analysis of ozone. 

FOi pure ozone and for gas mixtures with a known mole fraction of ozone, 

the absolute quantity of ozone was determined frcm a knowledge of the 

total gas pressure of a sandpit In a pyrex flask whose volun« was known 

to within an error of O.35J.    The qualitative analysis of ozone by this 

pressure-voltane measurement was compared with the analysis made by a 
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standard   titration procedure in which the ozone is absorbed in a buffered 

KI soli»+lca and subsequeutly titrated with a standurdized SapS20   solution. 

To collect the ozone with the buffered KI solution, the flask containing 

the ozone sanaple was connected through a ground glass Joint  uO a second 

flask eontainiiig the absorbing solution In an atmosphere of argon.    After 

opening thfc stopcock of the first flask, the assembly was shaken for 

several minutes.    In using the procedure, it was found that the pressure- 

voluffla measurement and the titration method agreed to within an fcrror of 

±2^.    A second procedure for collecting the ozone by flushing the ozone 

with argon through a gas washing botJle containing the buffered KE solution 

was found to result, with the present apparatus, in a recovery of less 

than the quantity of ozone expected on the basis of pressure-volume 

measurements.    A third analytical method for determining the quantity of 

ozott- in mixtures of ozone and argon was devised by adding a gas sample 

dxrsctly to the charcoal column of a Perkin Elmer Model l^kD Vapor 

fractometer.    The ozone readily decomposed in the presence of the column 

material t« form oxyg-n} from the Chromatographie analysis of the quantity 

of oxygen elutsd, the original ozone concentration of the gas mixture 

sample was computed.    The quantity of ozone determined chromatographically 

agreed with that quantity expected on the basis of pressure-volume measure- 

ments to within an error of dkl,5^»    Mdltlonal preliminary sxperiments on' 

the Chromatographie analysis of mixtures of 0_ with CO, 0«, C0p and Ar 

indicate that In the presence of the column material and under the present 

operating eonditione ozons decomposes to torn ö„ and, by reaction with CO, 

to form COg where the quantity of COg formed is proportional to the quantity 

3.    D. H. Byers and B. S. Saltzman,  "Ozone Chemistry and ütechnology," Mvanees 
in Chemistry Series Ho. 21, Anericmi Chemical Society, Washington, D.C., 1959, P. 93. 
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of CO originall/ preser-i, in the gas mixture sample.    Prom an antlysis of 

the increaaes iu the concentrations of 0- and COg eluted and of the 

decrear« in the concentration of eluted CO^ the original ozone concentration 

of the gas mixture sample vae detenalnsd; the computed ozone coneeotrations 

agreed with the concentrations determined hy pressure-vqliune measurements 

to within an error of ±856 for gas mixtures containing about l.J mole $ ozone. 

The stability of ozone and of gas mixtures containing ozone during 

residence In the 10-1 stainless steel mixing tank was determined by monitor- 

ing the ozoaä concentration as a function of time.    With pure ozone and 

a mixture of ozone in ergon containing 2 mole ^ ozone^ the rates of 

decomposition were O06 mole 5t O./hr over a period of 19 hrs and 0,135 

mole $ 0,,/hr over a period of 100 hrs, respectively.    The contribution of 

reactions of impurities with ozone or of the surface catalyzed decomposition 

of ozone to these rates is Email since the rates expected on the basis of 

the homogeneous gas phase decomposition of ozone    under the present 

experimental conditions are approximately 0.33 mole 56 0^/hr for pure ozone 

and 0.10 mole $ 0_/hr for a dilute ozone-argon mixture»    When the ozone was 

first added to the 101 mixing tank; a very rapid and extensive decomposition 

of ozone occurred in spite of the thorough cleaning i^rcedure used to 

prepare the gas ha»lling system; however^ cs subsequent additions of osone 

to the mixing tanks, only the decomposition rates given above were recorded. 

When mixtures containing ozone and carbon monoxide as well as oxygen, 

carbon dioxlde and argon were prepared in the 10^ stainless steel mixing 

tank, an initial, rapid decomposition of ozone cocurred which waa shown 

to result from impurities in the carbon moucxide and nov to occur when 

" ^; STS^; r^i?-:.^ ^if^y. «• *. 



only oxygen or carbon dioxide In addition to argon was mixed with ozone. 

Follc=ving this initial def line in ozone concentration^ an average i'ate 

of decomposition of about 0.24 mole ^ 0,/hr was observed for several gas 

mixtures with nominal compositions of P-S^ 0   + 9-7% 02 + IS.5^ CO + 

k.9fi COp + 63»^ Ar; the expected rate of the homogeneous gas phase 

decoapositlon of ozone    In these mixtures is approximately 0.14 mole 

^ 0 /hr.    The possible contribution to this difference in the observed 

and calculated rates of ozone decomposition by additional slowly 

reacting impurities in the CO will >.e assessed after installation of a 

llq.uid nitrogen cold trap in the CO supply line of the gas handling 

system to permit purification of the CO by fractional vaporization. 

Preliminiiry Experiments on 0-CO Beeoabinatlon 

Possible contributions, from transitions other than those involved 

In the radiative recombination of p-Lomlc oxygen and carbon monoxide, to 

the total radiation emitted at equilibrium by a gas sample containing 

carbon,oxygen, argon and Impurities present in the components of the 

ges mixture were Investigated by sboclc heating test gases containing Ar 

and mixtures of Ar with CO, 02 and CO^.    At temperatures of epproxiisately 

30000K and pressures in the range between 1.0 and 1,3 atm,  shock heating 

pure argon and mixtures of argon with 10-20 mole ^ 0o or 15 mole ^ C02 

resulted in ao detectabis radiation in the six spectral channels (see 

section l).    In contrast to thei.3 observations, shock heating a mixture 

of 20 mole fd CO in argon to approximately 3000oK and 1 atm resulted in a 

measurable oscilloscope signal at the spectral interval centered at 3000Ä 

but in no detectable signals at the other spectral intervals.    The source 

of the radiation at about 3000^ has not yet been identified. 

10 



To ascertain the emission intensity accomparQ-lng the radiative re- 

coablnation of 0 and CO, three preliffilnarj experioants were conducted by 

shock heating mixtures with the nominal compositions of 10^ 0- + 20$ C<" + 

55^ CO^ + 65^ Ar in two cases and of 10ft Og + 20^ CO -f 70 Ar in the third 

caw  v>o temperatures and pressures at equilibrium of 3029oK and 1.10 atm, 

30k9OK and 1.05 atm, and 31700K and l.ll atm, respectively.    In all 

experiments^  substantial oscilloscope signals were recorded in each of 

the six spectral chanosls.    To reduce the oscilloscope signals to values 

of relative intensity, each signal voltage was nonaalized with respect to 

the intensity calibration factor for the spectral channel in which it was 

recorded and the product of the ccncentrations of 0 and CO at equlllbriumj 

the relative intensity values were derived with the aid of a smooth curve 

drawn through the normalized ^«ta when plotted as a function of wavelength. 

The relative intensity spectral dietribution is shown in Figure k where 

the average value of the computed relative intensity at a given wavelength 

for the three experlmentä is plotted.    The flags indicate the range of the 

measured values.    It is evident from Figure k that the relative intensity 

decreases monotonlcally ^rom a maximum value at about S^OOU to a near zero 

level at about 7500* when the smooth curve through the data points is 

extrapolated beyond the datum at 65OOA,    Furthermore, as shown in Figure 

k, a comparison of this relative intensity spectral distribution curve with 

published data5 obtained at 1520-l800oK and 0.16 to 1.0 atm in a CO + Bp + 

air flaue over the wavelength lnterva3 3500A to 6000Ä demon f     ^s that 

the entire relative intensity spectral distribution curve is shifted to 

smaller wavelengths at the higher temperatures of the present experiments. 

5-   W. », Kasfcm, Conb. & Flame ^ 30 (x^). 
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i.e., about 3000OK.    In aoctraist to the oear zero level of relative inteasity 

expected at wavelengths greater than about 7500^  it was found in thew 

three preliminary experijösnte that in the spectral interval centered at 

SOOOÄ.^ a signal »•as obtained which corresponded to a relative intensity of 

0,536 ± O.O39.    While the source of this radiation has not yet been determined, 

the radiation was not detected in experlmsnts by shock beating Ar or Ar and 

02, or 00^ or COg. 

The reliability of tte relative intensity data presented in Figure k 

is adversely affected by three factory at least.    The oscilloscope signals 

were measured,  somewhat arbitrarily, at approximately l60 jasec (laboratory 

time) after passage of the shock front beyond the measuring station in a 

region of the signal-time profile where the signal was sensibly constant. 

It was thus assumed that the gas sample had closely approached the equilibrium 

state at a distance behind the shock front corresponding to the tias quoted 

above.    The constancy of the oscilloscope signal was the only indication 

obtainable from the experimental results that an equilibrium state was 

attained.    Two other factors which will affect the reliability of the data 

are chock weve attenuation and boundary layer growth; both of these will 

become more important as the distance at which measurement is made behind, 

the shock front increases.    The bulk of the experiments to be performed in 

measurliifi: the radiative lecomblnatioa of 0 and CO, as outllasd in the 

introduction are desigosd to avoid the adverse factors affecting the 

reliability öf the preliminary experiments which have been described. 

12 



SHOCK TUBE S5UDY OF 0O£ FOSMÄTION AT LOW EBNSHT 

Bo F. Myers, E. R. Bartle    and P, R, Erlckson 

The study of the formation of 00^, at high temperatures and low 

densities in shock heated gas mixtures containing CO and 02 was started 

in the General Dynamicö/Convftir 2k'  diameter shock tube facility. 

Preliminary test runs in pure COp indicated thet the shook transit 

time across the observed gas slab in the optical system of the 2k" 

diameter shock tube can be neglected by comparison with the induction 

time preceding the onset of measurable COp formation expected at low 
density. 

Measurements of the formation cf C0_ behind incident shock wavets 

traveling through mixtures with the nominal composition of 10^ Op + 

205t CO + 70^ Ar were maae at pressures between O.36 and O.55 atm and at 

temperatures between 1450° and 1920oK In order to compare the operation 

of the 24" diameter shock tube facility with that of the 3" diameter shock 

tube facility under similar conditions of pressure^ temperature and gas 

mixture ccanposition.    The measured induction times preceding the onset 

of rapid electronic ground state COp formation were converted to an 

induction period parameter'''    (l»e#^ the induction time at one atmosphere 

pressure measured in particle time); in Figure 3, the Induction period 

parameters, o^/atm usec, are plotted versus the reciprocal absolute 

temperature for the induction times measured in both the 3" and 24" 

diameter shock tubes.    It is evident that within the scatter of the experi- 

mental data/ t1 ° induction period paraa^ters derived from the 3" and 2k" 

6. S. R. Bartie and K. G. P. öulzaann. General Dynamics/Convair Report 
GDC-ISS65-OU, June, 1965. 

7. K. G. P. Suizmenn, B. F. Jfysrs and E* R. Bartie, J. Cbem. Phys. kS, 3369 (196?). 
8. B» F. Myers, K. G. P. Sulsmann and 2. R. Bartie, Ibid, k^ 2220 II965). 
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diaffieter shock tube experijaents are identical. 

Further experlraentß trare then conducted in the 2^" diaaeter shock 

tube vith test gas mixtuxes vith the ncaainal congxssition of 10^ 0p + 20% CO + 

70^ .ftr at lover pressures between 0.08 and CIO atm pnd at tesnperatu-rpn 

between I45O0 and 2260OK.    Again it is clear from Figure 5 that within 

the scatter of the experlaental data, the measured induction period 

paraoeters were identical to those previously obtained with both the V 

and 2ku diameter shock tubes.    It may be concluded from these experiments 

that for mixtures with the composition of 10^ 02 + 2056 CO + JQj, Ar, the 

Induction time^ T..  (measured in particle time)^ preceding the onset of 

rapid C02 formation scales linearly with the total gas pressure for 

temperatures between 1^50° and 22öü0K and pressures between 0.08 and 

1,55 atm, a 2^ fold range in pressure,    Mditional experiments have also 

been conducted at pressures of 0.01 to 0.05 atm and temperatures between 

1700° and 330OoK but the results have not yet been analyzed. 

14 
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